A method has been described for the determination of arsenic species (arsenite and arsenate) by hydride generation-atomic fluorescence spectrometry (HG-AFS). The experimental conditions that influence the fluorescence intensity and the reduction of arsenic were investigated and optimized, and the influences from foreign ions and their elimination were studied. The detection limit was found to be 79.7 ng L -1 . The proposed method was applied to the determination of arsenic species in water leachate of traditional Chinese medicines with a recovery range of 91.1 -109.5%.
Introduction
Recently, the importance of traditional Chinese medicine (TCM) as a natural medicinal material has been gaining increasing recognition worldwide. 1 The determination of the trace toxic elements in TCM is helpful for quality assessment and regulatory purposes. However, the safety, quality, and efficacy of TCM must be critically evaluated before they can be put into clinical trials or placed on the market. 2 Arsenic is always used in traditional Chinese medicines and the lethal dose of As2O3 is 100 -120 mg. Due to its high toxicity and the poison effects to human body, arsenic must be accurately determined at very low concentration levels in TCM. However, it is known that different speciations of arsenic exhibit very distinct toxicological properties; therefore, the determination of As(III) and As(V) in TCM is an important task. Numerous instrumental methods have been developed either for the determination of total arsenic or its methylic and inorganic forms in soils, sediments, water and biological samples. Among them, the most commonly used methods include ultraviolet spectrometry, 3, 4 hydride generation-atomic absorption spectrometry (HG-AAS), [5] [6] [7] [8] [9] [10] [11] [12] [13] inductively coupled plasma-atomic emission spectrometry (ICP-AES), [14] [15] [16] [17] electrothermal atomic absorption spectrometry (ET-AAS), [18] [19] [20] atomic fluorescence spectrometry (AFS) 21, 22 and liquid chromatography-inductively coupled plasma-mass spectrometry (LC-ICP-MS). [23] [24] [25] [26] [27] ICP-MS is a sensitive analysis technique for the determination of arsenic in very low levels, while liquid chromatography is one of the most widely used separation methods for arsenic speciation. Therefore, LC-ICP-MS is used for the speciation analysis of arsenic in various samples generally. With its sensitivity and relative freedom from interference, the AFS combined with hydride generation technique is widely used in the determination of arsenic.
HG-AFS coupled with high performance liquid chromatography (HPLC) was used for the determination of arsenic species in environmental samples. 28 The total inorganic arsenic in solid and water samples was measured by HG-AFS using a multisyringe flow-injection system. 29 Four kinds of arsenic speciation from water samples were determined by using ion-pair chromatography-HG-AFS. 30 The determination of arsenic in TCM samples by HG-AFS has been reported, with a limit of detection of 1.3 µg L -1 of arsenic. 31 The advantages of the HG-AFS technique include simplicity, speed and less cost, but AFS does not suffer from the same interference problems as ICP-MS. 17 The purpose of the present work is to propose a method for the determination of As(III) and As(V) and total inorganic arsenic by HG-AFS. The proposed method has been applied to the determination of arsenic speciation and total inorganic arsenic in traditional Chinese medicine samples with satisfactory detection limit, precision and recoveries.
Experimental

Apparatus
An AFS-230 Model atomic fluorescence spectrophotometer (Beijing Haiguang Instrumental Company, Beijing, China) equipped with an arsenic hollow cathode lamp (Beijing Haiguang Instrumental Company, Beijing, China) was employed for the measurements of fluorescence intensity of arsenic. An automatic intermittent hydride generation device was used to generate the arsenic hydride. Argon gas was used as the carrier gas for the transposition of arsenic hydride from the hydride generator to the atomizer.
Reagents and standards
As(III) stock standard solution of 1000 mg L -1 was prepared by dissolving 1.3200 g of As2O3 in 25 ml of 200 g L -1 KOH solution, which was neutralized with 1% H2SO4.
As(V) stock standard solution of 1000 mg L -1 was prepared by dissolving 4.1590 g of Na2HAsO4·7H2O in distilled water in a 100 mL flask.
The KBH4 of 10 g L -1 solution was prepared by dissolving KBH4 in 2 g L -1 NaOH and was prepared fresh daily.
A 12 g aliquot of KI (Beijing Chemical Factory, China) was dissolved in 100 mL of distilled water to obtain a 120 g L -1 concentration; then 5 mL volumes of this solution were added to 50 mL volumes of the sample, reagent blank and standard solutions, respectively, as a reductant for the determination of arsenic. A 10 g aliquot of thiourea (Tianjin Chemical Factory, China) was dissolved in 100 mL of distilled water to obtain a 100 g L -1 concentration; 5 mL volumes of this solution were added to 50 mL volumes of the sample, reagent blank and standard solutions, respectively, as a sensitization reagent.
All reagents used were of analytical reagent grade and distilled water was used through the experiment.
The traditional Chinese herbs were obtained in the market according to prescriptions.
Sample preparation
The scheme of the sequential steps 32 is shown in Fig. 1 . Determination of total arsenic. The TCM samples were digested using HNO3-H2O2 under the following digestion procedure. A 2.0 -2.5 g portion of TCM sample was accurately weighed into a 100 mL beaker to which 20 mL of concentrated HNO3 and 4 mL of H2O2 were added. After gentle shaking, the sample was heated on a hot plate at about 100˚C for about 2 h. After cooling down to room temperature, 2 mL of H2O2 was added and the sample was heated again until the sample solution was clear. The 8.4 mL of concentrated HCl, 5 mL of KI and 5 mL of thiourea were added in the residues and the sample solution was transferred to a 50 mL volumetric flask and diluted to the mark with water. The digested samples were used to determine the total amounts of arsenic in the sample. Leaching of TCM samples by water. A 4.5 g portion of TCM sample was accurately weighed in a 200 mL beaker and 20 mL of water was added to the sample. The sample was heated on a hot plate to boil quickly and slight boiling was continued for 30 min. After cooling, the sample was filtered with gauze and the infusions were decanted into a clean beaker. The draff which could not pass through the gauze was treated according to the above procedure, and then the infusions were combined into a clean beaker at last. The draff was digested according to determination of total arsenic for the determination of arsenic in it.
Filter of infusions by acetate film. The solutions were filtered with an acetate film. The solutions that can pass through the acetate film were transferred into a 50 mL flask. The suspension which could not pass through the acetate film was digested for determination of arsenic in it. The solutions were used for determination of arsenic(III) and arsenic(V). A 10 mL of the infusions was digested for the determination of total arsenic.
Measurement procedure
For the determination of As(III), a 25 mL of sample was mixed with 8 mL of HCl and diluted with distilled water to 50 mL. Samples transported were mixed with 10 g L -1 KBH4 solution. The generated hydride generation of arsenic was swept to the atomizer using argon gas and the fluorescence signal was obtained. The same procedure was carried out after adding 5 mL of KI and 5 mL of thiourea directly to the sample before hydride generation.
All experiments were carried out using the optimum conditions shown in Table 1 . An intermittent flow system was employed throughout this work, and the optimum working program is listed in Table 2 .
Results and Discussion
Effects of high voltage of PMT
In order to obtain the best signal-to-noise ratio, the effects of the high voltage of photomultiplier (PMT) of 200, 250, 300, 350, 400 and 450 V were each evaluated. The results indicated that an increase of high voltage of PMT improved the detection limit for arsenic and the minimum value of the detection limit was obtained when the high voltage of PMT of 300 V was used. Furthermore, the high voltage of PMT value of 300 V provided sensitive and stable measurements. Thus, all the following results in this study were obtained under this condition.
Effects of the atomizer temperature and the atomizer height
The atomizer used is a quartz furnace in a shielding mode, which consisted of the inner tube and the outer shielding tube,
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ANALYTICAL SCIENCES JUNE 2003, VOL. 19 heated by means of externally wrapped resistance wire. The generated hydride of arsenic and hydrogen in vapor generator are swept into the inner tube by an argon carrier gas. The gas mixture was ignited at the top of the quartz furnace by heating the resistance wire and the hydride of arsenic was atomized. The influence of the atomizer temperature on the atomic fluorescence signal was studied. As shown in Table 3 , the fluorescence signals increased with the increase of the atomizer temperature up to a maximum value at 400˚C. But a further increase of atomizer temperature will result in a lower fluorescence signal. This is because, at elevated furnace temperatures, the gas volume expands, decreasing the atom density and consequently the measured intensity. In this case, the blank only decreased slightly when the atomizer temperature increased; thus an atomizer temperature of 400˚C was considered as the most appropriate. Atomizer height is the distance from the top of the furnace atomizer to the point where the atomic fluorescence signal is measured. The results (Table 3 ) demonstrated that the atomizer height affects the atomic fluorescence intensity seriously. It was found that the increased atomizer height resulted in the fluorescence signals for arsenic increasing until the atomizer height was 12 mm. In order to get the optimum signal-to-noise ratio, the atomizer height of 12 mm was considered in the determination of arsenic.
Effect of lamp current on fluorescence signals
The influence of the lamp current on the atomic fluorescence intensity is also listed in Table 3 . The results demonstrated that the fluorescence signal increased with the increase of the lamp current and the maximum value for arsenic was obtained at a lamp current of 60 mA. Furthermore, the lamp current higher than 60 mA caused the reduction of the atomic fluorescence signal of arsenic and the lifetime of the lamp. Moreover, the background changed insignificantly with the increased lamp current. Therefore, the lamp current of 60 mA was selected.
The effect of argon flow rate of carrier gas on fluorescence signals
High purity argon gas was used as the carrier gas to strip the arsenic hydride from the generator to the atomizer. The atomic fluorescence signal for arsenic was examined in relation to the flow rate of carrier gas (shown in Fig. 2) . The flow rate of carrier gas in the range of 100 -800 mL min -1 was tested and it was found that the atomic fluorescence signal decreased with the flow rate of carrier gas both lower and higher than 400 mL min -1 . So a carrier gas flow rate of 400 mL min -1 was used to strip arsenic hydride.
The argon gas is often used as shield gas to prevent extraneous air from entering the flame. This has been found useful to increase the signal and reduce the flame radiation noise. The result (shown in Fig. 2 ) demonstrated that the flow rate of shield gas affects the atomic fluorescence signal. The maximum atomic fluorescence signal was obtained at the flow rate of shield gas of 900 mL min -1 . Therefore, a 900 mL min -1 of shield gas flow rate was selected.
Effect of hydrochloric acid concentration on hydride generation
The study of the effect of HCl concentration of medium on the atomic fluorescence signal for arsenic (shown in Fig. 3 ) demonstrated that the effect of HCl concentration is serious on the fluorescence signal, while no significant effect was observed Fig. 2 Effect of flow rate of gas on the fluorescence intensity of 50 ng mL -1 arsenic. , Effect of flow rate of carrier gas on the fluorescence intensity; , effect of flow rate of shield gas on the fluorescence intensity. , but a further increase of concentration gave a lower fluorescence signal. In this case, the blank signals increased slightly when the concentration of HCl increased. Therefore, a concentration of 1 mol L -1 of HCl as carrier solution was considered as the most appropriate.
Effect of potassium tetrahydroborate concentration on hydride generation
In the present method, KBH4 is used not only as a reductant but also as the hydrogen source, which is necessary to sustain the argon-hydrogen flame. Consequently, in this technique, the concentration of KBH4 has a large impact on the signal response. Firstly, it affects the hydride generation process, and secondly, it influences the argon-hydrogen flame, and the flame directly affects the atomization process and the flame emission noise. At a higher KBH4 concentration, the flame becomes larger and the visual part of the flame increases. However, the noise level caused by flame emission also increased with a higher concentration of KBH4.
The examination of the effect from concentration of KBH4 on the atomic fluorescence signal was carried out. The results (shown in Fig. 4) show that the signal increased with the increase of the concentration of KBH4 before 10 g L -1 and reached a maximum value while the concentration of KBH4 is 10 g L -1 . After 10 g L -1 , the signal decreased and then descended to a plateau. Such results indicate that a 10 g L -1 of KBH4 concentration was required for the formation of arsenic hydride, consequently a concentration of KBH4 of 10 g L -1 was selected.
Reduction of As(V)
It was found that As(V) solutions result in fluorescence signals which are about 50% of those obtained for arsenic(III) solutions with same concentration (as shown in Fig. 5) . Because of that, the effect of previous reduction conditions on the fluorescence intensity of arsenic was investigated in order to obtain as higher a signal as possible from As(V).
Potassium iodide is an efficient reductant for As(V) reducing to As(III). As can be seen in Fig. 5 , a concentration of 12 g L -1 KI was enough to obtain the same fluorescence signal for As(III) and As(V) with the same concentrations.
Effect of sensitization
For the determination of arsenic, ascorbic acid, thiourea or a mixture of ascorbic acid-thiourea are usually used as the sensitization reagents. In order to obtain higher signals from the solutions of arsenic, we investigated the effect of sensitization of ascorbic acid, thiourea and the mixture of ascorbic acid-thiourea (1:1) (shown in Fig. 6 ). The results indicated that all the three reagents improved the fluorescence intensity. Thus a concentration of 10 g L -1 of thiourea was considered the best regent for sensitization of the signal of arsenic.
Effect of foreign ions on fluorescence signals
The effect of the presence of other metal ions on the determination of arsenic was investigated. It was reported 33 Table 4 show that the effects of those ions on fluorescence signal of arsenic(III) are various. The relative signals were obtained from the ratio of fluorescence of the solutions containing 20 ng mL -1 arsenic and 20 µg mL -1 foreign ions to that of 20 ng mL -1 arsenic. In order to avoid the effect of these ions on the fluorescence intensity, ethylenediamine tetraacetic acid (EDTA) and thiourea were added for eliminating the influence of foreign ions on the fluorescence intensity of As(III) and total arsenic, respectively. Nitric acid has been reported to seriously affect the fluorescence signals, it could not be eliminated by ascorbic acid/thiourea, [34] [35] [36] [37] so it is required to exhaust the nitric acid during the digestion procedure.
Analytical figures of merit
The detection limit which established as 3σ/slope of the blank was found to be 79.7 ng L -1 . The relative standard deviation (RSD) was found to be 1.24% at 20 ng mL -1 of arsenic level. The regression equations using the standard solution are as follows. 
where F is the atomic fluorescence intensity and C is the concentration of arsenic (ng ml -1 ). And the regression equation using the solution prepared with KI-thiourea is F = 29.92CAs + 1.6112 r = 0.9996
where CAs is the total concentration As(III) and As(V). The linear range of the calibration graphs is 0 -90 ng mL -1 .
Determination of arsenic in samples
Determination of arsenic in leachate. Total arsenic amounts in solutions were determined from Eq. (3). The fluorescence intensities of the As(III) and As(V) in the solutions without KIthiourea are obtained from Eq. (1) and Eq. (2), respectively. When KI-thiourea was added to the solutions, the fluorescence intensity of the As(III) and As(V) is obtained from Eq. (3). The amounts of the As(III) and As(V) in solutions can be calculated from Eqs. (1), (2) and (3). The amount of organic As in solutions was obtained by subtracting the amount of the inorganic As from the total amount of As in solution. Recovery test was carried out by spiking standard arsenic solution to the leachate for the determination of the arsenic in the solutions; the results of determination and recovery test are listed in Table 5 . Determination of total arsenic in samples. Total arsenic in samples was calculated from Eq. (3). Recovery test was carried out by spiking standard As solution to the samples before digestion for determining the total amounts of As in samples.
The results of determination and recovery test are summarized in Table 5 .
Conclusion
Atomic fluorescence spectrometry combined with hydride generation technique provides an extremely sensitive methodology for the determination of As(III) and As(V) in the TCM samples. For the determination of total arsenic in the samples with KI-thiourea previously reduced, the sensitivity and detection limit have been improved. The advantageous aspects of the proposed method include its higher sensitivity, simplicity of the procedure, shorter time and less analytical cost for the determination of As(III) and As(V) in TCM samples. 
